INTRODUCTION
The reproducibility of the ultrasonic response of aluminum calibration blocks, as defined in ASTM standard E-127 [1, 2] is of considerable interest because of the use of these blocks as calibration and reference standards. However, there is a general perception that the ultrasonic attenuation in the materials from which these blocks are produced has changed with time, a consequence of the evolution of the metallurgical processing procedures used to produce the rolled rod from which the standards are fabricated. Among the issues that this raises are questions concerning the influence of E-127 block attenuation on the sizing of flaws in materials produced by other processes, e.g., rolled plate, and whether standards should be alloy specific.
As the first phase in a program to address these issues, a series of specimens has been obtained, representative of the material used in both standards and rolled plates. Measurements were made of the grain morphology and ultrasonic attenuation in each of three orthogonal directions in each sample. To further characterize the samples and gain insight into some unexpected relationships between the attenuation and microstructure, additional measurements of velocity and backscattering were performed.
SAMPLES
Four samples were considered. Samples TI and T2 were cut from the rolled rod material used to produce E-127 calibration blocks by Alcoa and ATS, respectively. Samples D and T4 were taken from rolled production plate made from 7475 and CI71 aluminum, respectively. In each case, the material was machined into an approximately cubic shape, with sides on the order of 1.4 inches (3.6 em) in length. For the rolled rod, the 3-direction was chosen to coincide with the rod axis. For the rolled plate, the I, 2, and 3 axes were respectively chosen to coincide with the rolling direction (RD), transverse direction (TO), and normal direction (NO).
Figure I presents the grain morphology of samples T! and D.
As expected from the processing history, the grains ofT! were approximately prolate spheroids (cigar-shaped), elongated along the rodrolling direction. Those of T3 were approximately oblate spheroids (pancake-shaped), elongated in the rolling and transverse directions. The microstructures of T2 and T4 were qualitatively similar to those of T! and T3, respectively. The mean grain sizes in each of the directions were measured using a generalization of the intercept method [3] applied to micrographs such as those shown in Figure I . There were two opportunities to obtain the mean grain size for each direction, and the average of the two values is presented in Table I .
VELOCITY MEASUREMENTS
The velocities of the longitudinal wave and two transverse waves of orthogonal polarizations, propagating perpendicular to each face, were measured. For the longitudinal waves, a \0 MHz, 0.25 inch diameter planar probe was used in an immersion configuration, with the times of zero-crossings monitored to determine the delay between back wall echoes. The velocity was calculated from the average of the round trip times inferred from the first and second echoes and from the first and third echoes. Transverse wave velocity measurements were made with 2.25 MHz, 0.5 inch diameter transducers, coupled to the part with honey. "Fast" and "slow" backsurface echoes were peaked by rotating the probe. These generally had the expected polarizations, parallel to one of the major axes of the specimen. The velocity of each was inferred from the relative time of arrival of the first and second echoes using the zero crossing technique. Table II presents the results for each of the specimens. One would expect Vij=Vji based on the assumed transverse isotropy for samples TI and TZ and orthotropic symmetry of samples T3 and T4. This condition is reasonably well satisfied by the data, as can be seen by comparing the differences in such quantities, e.g., V 12-V2h to the differences between velocities not expected to be equal, e.g., V 12, V Il , and V 23. The directional dependencies of the longitudinal and shear velocities and are plotted in Figure 2 . There the measured values ofV32 and V23 were averaged to provide the entry for V32, etc.
For specimens Tl and TZ, transverse isotropy would imply VII=Vn and V31 =V32• This is approximately the case, as can be seen by examining Figure 2 . Indeed, there is little apparent anisotropy, since V 33 and V 12 are respectively very close to these values as well. Hence the texture appears quite weak.
For specimens T3 and T4, there is a significant anisotropy, on the order of 0.6-0.7% for longitudinal waves and 1.8-1.9% for transverse waves. seen that the form of the measured anisotropy in samples T3 and T4 is very similar to that of the Br texture, with the magnitude variations comparable for longitudinal waves and somewhat less for transverse waves than that for the ideal Br texture (0.7% for longitudinal waves and 3.5% for transverse waves). We conclude that a strong rolling texture has been developed in these plates with a significant "brass" component.
A TfENUA TION MEASUREMENTS
The attenuation of longitudinal waves has been measured in each direction in each sample. The immersion technique is illustrated in Figure 4 . Using the same transducer employed in the longitudinal velocity measurements, the attenuation was inferred by comparing the Fourier transforms of the backsurface echoes of the sample of interest and a fused quartz reference block. Two reference blocks were used, having thicknesses of I" and 2", respectively. Effects of diffraction on the resulting signals, associated with the difference in path length, were accounted for using the Lommel diffraction corrections for an ideal piston transducer [4] . A Ixl inch area of the sample was scanned in 0.050 inch increments and attenuation measurements were made at each scan point. In subsequent plots, both means and standard deviations of the data will be reported. For the 10 MHz broadband transducer used in the measurements, there was significant backwall spectral strength between 5 and IS MHz and the deduced attenuation values were most reproducible within that frequency range. Figure 5 presents the results of the mean of the measurements for each direction on each sample. Two aspects of this data are of particular interest. First, there is a significant difference in the attenuations observed on the individual samples. This is not surprising, given the differences in the grain sizes evident in Table I . However, it does indicate a possible problem in using signals from the calibration standards as references against which flaw signals would be compared. For example, at IS MHz, the attenuation in samples Tl and T4 are respectively about 0.05 and 0.02 np/cm (0.43 and 0.17 dB/cm). In a round trip to and from a flaw at a 2 inch depth, the difference would be 2.6 dB. Using a calibration block of Tl material, a flaw in the production plate T4 would be interpreted as being larger than its true size. Assuming the signal to be proportional to the flaw area, this area would be overestimated by 35%, an error which would increase with travel path. Hence, correction for relative attenuation is an important ingredient in the use of E-127 blocks, or any other blocks containing a known reflector, as reference standards.
The second aspect of the data is that there is virtually no anisotropy in the attenuations measured for samples Tl, T2, and T4, and only a modest anisotropy in sample T3. The authors found this somewhat surprising, given the significant elongation of the grains as reported in Table I . It is often argued that attenuation is controlled by scattering, and it is intuitively appealing to believe that scattering is the greatest when the wave propagates in the direction for which the grains present the largest cross-section to the beam. In samples TI and T2, this argument would suggest that the attenuation is greatest for waves propagating in the 1-and 2-directions. In samples T3 and T4, it would suggest attenuation is the greatest for waves propagating in the 3-directions. The data on the only sample exhibiting anisotropy, T3, showed just the opposite behavior! Figure 6 replots the data on sample T3, providing individual curves for the mean attenuation in each direction along with error bars indicating the standard deviation. It is striking to note that the uncertainties are much greater for waves propagating in the RD and TD than for the ND, a consequence of significant fluctuations in the backsurface signal as the transducer is scanned in the former two cases. The similarity of these observations to those reported for titanium alloys with elongated macrograins [5] suggests that phase distortion is making a significant contribution to the attenuation of waves propagating in the RD and TD, along which the grains are elongated. BACKSCA TfERING MEASUREMENTS P Motivated by this weak anisotropy in the attenuation, measurements were also made to determine how the anisotropy of the backscattering compared to that of the attenuation. The experimental procedure, which has been described elsewhere [6] , involved gathering several hundred noise waveforms with a focused probe, computing the rms spectral amplitudes of the noise, and correcting for the effects of beam profile to determine a material parameter known as the Figure-of-Merit (FOM), a measure of the backscattering capacity of the grains valid under the assumption of single scattering. Figure 7 compares the results for specimens TI and T3. These are seen 10 show a large anisotropy, consistent with the previously described arguments about the effects of grain shape on scattering. This result reinforces the previously expressed idea that something other than backscattering, e.g., phase distortion, is making a significant contribution to the attenuation data.
CONCLUSIONS
Attenuation measurements show a smaller anisotropy than might be expected based on the highly elongated state of the microstructure. with significant variation from sample to sample. The samples studied provide an example of a case in which a flaw would be oversized in a production plate when the reference flat-bottom hole signal was obtained from a calibration sample. Backscattering showed much greater anisotropy than attenuation. This fact, combined with the significant fluctuations in back-surface echo strength for waves propagating parallel to the long dimensions of grains, and the observation that, in sample T3, the direction of highest backscattering was the direction of lowest attenuation, suggests that mechanisms other than scattering, e.g., phase distortion, are making significant contributions to the attenuation.
The better understanding of these phenomena is important to the proper use of standards as references in flaw sizing as well as for the development of improved techniques for microstructural characterization.
